The evolutionary history of the largest salamander family (Plethodontidae) is characterized by extreme morphological homoplasy. Analysis of the mechanisms generating such homoplasy requires an independent, molecular phylogeny. To this end, we sequenced 24 complete mitochondrial genomes (22 plethodontids and two outgroup taxa), added data for three species from GenBank, and performed partitioned and unpartitioned Bayesian, ML, and MP phylogenetic analyses. We explored four dataset partitioning strategies to account for evolutionary process heterogeneity among genes and codon positions, all of which yielded increased model likelihoods and decreased numbers of supported nodes in the topologies (PP > 0.95) relative to the unpartitioned analysis. Our phylogenetic analyses yielded congruent trees that contrast with the traditional morphology-based taxonomy; the monophyly of three out of four major groups is rejected. Reanalysis of current hypotheses in light of these new evolutionary relationships suggests that 1) a larval life history stage re-evolved from a direct-developing ancestor multiple times, 2) there is no phylogenetic support for the "Out of Appalachia" hypothesis of plethodontid origins, and 3) novel scenarios must be reconstructed for the convergent evolution of projectile tongues, reduction in toe number, and specialization for defensive tail loss. Some of these novel scenarios imply morphological transformation series that proceed in the opposite direction than was previously thought. In addition, they suggest surprising evolutionary lability in traits previously interpreted to be conservative.
Introduction
More than two-thirds of the 522 species of salamanders are members of Plethodontidae (http://amphibiaweb.org), a clade that exhibits both extreme, long-term stasis and great adaptive diversity in life history, ecology, and morphology. Morphological evolution in plethodontids is characterized by extensive homoplasy (1) . Previous studies examining the causes of this homoplasy identify recurrent morphological transformations and address both their outcomes, or derived character states, and their necessary ancestral pre-conditions (2, 3) . Two plethodontid features figure prominently in shaping morphological evolution: lunglessness, a synapomorphy for the clade, and direct-development, present in three of the four major groups.
No well-supported molecular phylogenetic hypothesis exists for plethodontids. As a consequence, all analyses of morphological homoplasy are based on phylogenies constructed from many of these same homoplastic characters (4) . We present a molecular phylogenetic hypothesis for plethodontids based on 27 complete mitochondrial genomes, 24 of which were sequenced for this study. We explore four strategies for partitioning our dataset in a Bayesian phylogenetic framework and compare those results to MP and ML results. Our mitochondrial phylogeny differs markedly from the morphological phylogenetic hypotheses reflected in current taxonomy; accordingly, we reevaluate plethodontid life history evolution, origins, and historical biogeography. We examine three recurring evolutionary morphological transformations: modification effecting tongue protraction, reduction in toe number, and specialization for defensive tail loss (autotomy). We present scenarios of morphological transformation that will inform future research into the evolutionary history of plethodontid form. These scenarios suggest novel transformation series for homoplastic characters. While some are consistent with traditional hypotheses regarding the direction of evolutionary change, others suggest surprising, previously unconsidered reversals in the direction of morphological evolution.
Methods
Taxon sampling. Taxa were selected to sample across plethodontid taxonomic diversity and to minimize long branches (5) . The 24 taxa sequenced represent 17 of 26 plethodontid genera, all 4 four major plethodontid groups, and two outgroups ( Figure 1 ). We included three complete salamander mitochondrial genomes from GenBank, which represent three additional families (NC 002756 = Salamandra luschani; NC 004926 = Andrias davidianus; NC 004021 = Ranodon sibiricus) (6) (7) (8) .
DNA sequencing. Whole genomic DNA was extracted from frozen tissue in the Museum of Vertebrate Zoology collection. Each mitochondrial genome was PCR amplified in two to four overlapping fragments using both universal and specific primers; primer sequences are available from the authors. PCR products were sheared to ~1.5 kb with a HydroShear device (GeneMachines) and enzymatically repaired to blunt their ends. Products were gel-extracted, ligated into pUC18 vector, and electroporated into competent cells (InVitrogen) using a Gene Pulser II (BioRad). Plated cells were grown overnight. Colonies were picked using a Qbot robotic colony picker (Genetix) and processed robotically through the following steps: 1) rolling circle amplification of plasmids, 2) sequencing reactions using fluorescent dideoxynucleotide terminators, 3) clean-up, and 4) loading onto either ABI 3730XL or Megabace 4000 DNA sequencing machines. GenBank accession numbers, locality information, and alignment information are listed in supplementary material available from PNAS online.
Assembly, annotation, and alignment. Sequences from each genome were assembled into contigs using PHRAP (9) and confirmed visually using CONSED v.13 (10) . Genomes were annotated manually or using DOGMA (11) . Sequences of each gene were aligned using GCG v.10.3 (Accelrys) (gap creation and extension costs set to the defaults = 8 and 2, respectively), adjusted to preserve reading frame and tRNA secondary structure, and concatenated for phylogenetic analysis. Gene-by-gene alignment was necessary because of variation in gene order; these rearrangements are not informative at this phylogenetic level and will be discussed 5 in detail elsewhere. The control region and 1,812 other ambiguously alignable positions (including tRNA loops, beginnings and ends of many protein-coding genes, and rRNA regions with indels) were excluded, resulting in a final alignment of 14,040 bp. For one species, Hydromantes italicus, 384 bp were not sequenced and were coded as missing data for phylogenetic analysis.
Bayesian phylogenetic analysis. Bayesian phylogenetic analyses were implemented using MRBAYES v3.04b (12) . Flat Dirichlet distributions were used for substitution rates and base frequencies, and default flat prior distributions were used for all other parameters. MC 3 analyses
were run with one cold and three heated chains (temperature set to the default = 0.2) for 15 million generations and sampled every 1,000 generations. Stationarity was confirmed using CONVERGE (13) and by examining plots of -lnL scores and parameter values; 8-10 million generations were discarded as burn-in. The tree was rooted with the simultaneous inclusion of five outgroups: Andrias davidianus, Ranodon sibiricus, Salamandra luschani, Ambystoma laterale, and Rhyacotriton variegatus.
In addition to the unpartitioned dataset, analyses were performed using four data partitioning strategies designed to improve the fit of the substitution model to the data in light of heterogeneous nucleotide substitution processes (14, 15 of 71 partitions, the two methods selected identical models despite AIC's penalty for increased model complexity. hLRT-selected models were used for all partitioning strategies and the unpartitioned analysis. The 42p analysis was repeated using AIC-selected models.
Comparison of Bayesian results with other phylogenetic analyses.
Equally-weighted MP and ML analyses were performed using PAUP*4.0B10 (20) . MP analyses were performed both including and excluding third codon positions. Heuristic searches were performed with ten random addition replicates and TBR branch-swapping. For the ML analysis, the GTR+I+Γ and TVM+I+Γ models of nucleotide substitution and parameter values were selected using hLRT and AIC, respectively, implemented in MODELTEST V3.06 (19) . Both were used in heuristic searches with five random addition replicates. BP for clades were assessed for MP analyses (1000 pseudo-replicates) and ML analyses (100 pseudo-replicates). ML analysis of amino acids was performed using quartet puzzling implemented in TREE-PUZZLE 5.0 (21) . The mtREV24 substitution model was used with Γ-distributed rates, with amino acid frequencies and α estimated from the data.
Statistical test of the monophyly of traditional taxonomic groups.
To test whether all possible topologies containing the traditional taxonomic groups Plethodontinae, Hemidactyliini, Plethodontini, or Bolitoglossini are statistically rejected by our Bayesian analyses of mitochondrial genomes, the 95% credible set of trees for each of the four partitioned analyses and the unpartitioned analysis was constructed (14, 22, 23) . This is the set of all topologies contained in the cumulative 0.95 posterior probability distribution. All topologies within these sets were examined for the presence of a monophyletic Plethodontinae, Hemidactyliini, Plethodontini, or Bolitoglossini. Life History Evolution. Plethodontids exhibit several life history strategies: some species hatch as aquatic larvae and metamorphose into terrestrial or semi-aquatic adults; some retain larval morphology throughout ontogeny; and some are direct developers, hatching from terrestrial eggs as miniature adults. Direct development in salamanders is unique to plethodontids, which suggests a biphasic ancestral life history that includes an aquatic larval stage and metamorphosis.
Results

Comparisons
The morphological plethodontid phylogeny (29) implied two appearances of direct development-at the base of Bolitoglossini + Plethodontini, and in nested lineages in Desmognathinae-and no instances of the re-evolution of a larval stage. Later, a desmognathine 11 mtDNA phylogeny suggested the surprising basal position of direct development and subsequent re-evolution of larvae in derived lineages, consistent with three total evolutionary transitions in plethodontid life history strategy (30) . Three different transitions had been inferred by Wake (1), but all were from a biphasic life history to direct development. Our results indicate higher levels of homoplasy in life history evolution, necessitating a minimum of four transitions. Figure 3 shows three different, equally parsimonious life history evolution scenarios. Discrimination among these scenarios will require weighting either the loss or re-evolution of larvae in Clades A and B. However, all of these scenarios necessitate at least one instance of a larval stage reevolving from a direct-developing ancestor, a morphological transformation rarely reported and previously considered to be unlikely (31) . A direct-developing plethodontid ancestor (Figure 3a) necessitates reevaluation of several hypotheses including a stream origin for the clade and the ecological causes of lung loss (32) (33) (34) (35) (36) (37) (38) .
Morphological Homoplasy
Tongue Evolution--Because plethodontids are lungless, the tongue musculoskeletal elements used for ventilation in lunged salamanders are freed from this functional constraint.
Consequently, these elements are specialized for tongue protraction (1). Direct-developing lineages are freed from an additional constraint; they no longer require the tongue skeleton for larval suction feeding, a function that may conflict with specialization for extreme tongue protraction (39) . Three categories of tongue function are recognized: protrusible, attached projectile, and free. All recent phylogenetic hypotheses for plethodontids require extensive convergence such that none of these tongue types defines a monophyletic group, and different morphological modifications effecting free tongue protraction have evolved in different lineages. In two independent cases, projection is truly ballistic--the tongue skeleton leaves the mouth altogether, and the tongue reaches the prey under its own momentum (44, 45) . cylinder to control tongue direction (29) . Based on the mitochondrial phylogeny, all of these characters either 1) evolved three times in parallel, or 2) evolved twice in parallel and were regained or reversed in H. scutatum. Again, choosing between these scenarios will require weighting certain morphological transformations; however, in either case, our results necessitate multiple gains and losses of morphological characters not previously thought to be homoplastic.
Toe Loss--A reduction from five to four toes characterizes four plethodontid taxa:
Hemidactylium scutatum, Eurycea quadridigitata, E. chamberlaini, and Batrachoseps.
Traditional phylogenetic hypotheses imply at least three independent losses, resulting from a developmental constraint imposed by decreasing limb bud size and large cell size (3). The sister group relationship between Batrachoseps and H. scutatum in the mitochondrial phylogeny decreases the minimum number of toe reductions from three to two.
Tail Autotomy--Plethodontids vary in their degree of specialization for defensive tail loss. Some lineages have highly specialized tail morphologies in which shortened vertebrae and musculature, and weakened connective tissue, form a constriction at the base of the tail and localize inter-vertebral breakage ("constricted-based tails"). In addition, the skin breaks one vertebra behind the muscle, forming a sleeve over the wound that facilitates healing, blastema formation, and subsequent tail regeneration ("wound-healing") (46) . Other lineages possess wound-healing, but do not localize breakage to the base of their uniformly slender tails ("slender-based tails"). Finally, some lineages have no specializations for loss; their tails simply break mechanically. These thick, often laterally compressed tails are used for aquatic propulsion ("thick-based tails"). Most lineages comprising the two traditional basal clades, Desmognathinae and Hemidactyliini, are aquatic or semi-aquatic with thick-based tails. Close outgroups also lack autotomy, which implies an unspecialized plethodontid ancestral tail morphology. Wound-healing was inferred to have arisen in the common ancestor of Plethodontini and Bolitoglossini, following evolution of direct development, and was interpreted as a necessary pre-condition for convergent and parallel evolution of constricted-and slender-based tails (46) . Tail loss specialization coincident with a shift from aquatic to terrestrial habitat was also noted, to a lesser extent, within desmognathines and hemidactyliines.
We outline a substantially different scenario for the evolution of tail autotomy. We infer the evolution of wound-healing in the ancestral plethodontid, because it is present in multiple (55) (56) (57) . We advocate the use of multiple, independent genetic markers for taxonomic revision and look forward to forthcoming nuclear data; if these mitochondrial genome results are corroborated, retention of some taxonomic group names will be possible, although the lineages contained within the new clades will change. Consideration of multiple markers will lead to a more complete understanding of the history of Plethodontidae. In addition, it will teach us about the different processes that have shaped the evolutionary histories of the genetic markers themselves. Finally, it will instruct future researchers on the strengths and weaknesses of different datasets and analytical approaches in reconstructing relationships among ancient lineages. 
